The ratio of males to females among an individual's offspring at birth (offspring sex ratio) has long been of great interest to evolutionary biologists. The human offspring sex ratio is around 1 : 1 and is understood primarily in terms of Fisher's principle (R. A. Fisher, The genetical theory of natural selection, 1930), which is based on the insight that in a population with an unequal sex ratio, each individual of the rarer sex will on average have greater reproductive value than each individual of the more common sex. Accordingly, individuals genetically predisposed to produce the rarer sex will tend to have greater fitness and thus genes predisposing to bearing that sex will increase in frequency until the population sex ratio approaches 1 : 1. An assumption of this perspective is that individuals' offspring sex ratio is heritable. However, the heritability in humans remains remarkably uncertain, with inconsistent findings and important power limitations of existing studies. To address this persistent uncertainty, we used data from the entire Swedish-born population born 1932 or later, including 3 543 243 individuals and their 4 753 269 children. To investigate whether offspring sex ratio is influenced by genetic variation, we tested the association between individuals' offspring's sex and their siblings' offspring's sex (n pairs = 14 015 421). We estimated that the heritability for offspring sex ratio was zero, with an upper 95% confidence interval of 0.002, rendering Fisher's principle and several other existing hypotheses untenable as frameworks for understanding human offspring sex ratio.
Introduction
The ratio of males to females among an individual's offspring at birth (offspring sex ratio) and has been of great interest to evolutionary biologists for more than a century. 'Fisher's principle' [1] , which can be traced to Darwin (1871; see [2] ), explains offspring sex ratio using the concept of negative frequency-dependent selection and has been described as 'probably the most celebrated argument in evolutionary biology' [2] . Briefly, it is argued that--all else being equal--in a population with an unequal sex ratio, each individual of the rarer sex will on average have greater reproductive value than each individual of the more common sex, because each sex must contribute exactly half the ancestry of future generations. In this scenario, individuals genetically predisposed to produce the rarer sex will tend to have greater fitness (more grandchildren) and thus genes predisposing to bearing that sex will increase in frequency until the population sex ratio approaches 1 : 1 and the advantage of those genes dissipates. In this way, the theory goes, offspring sex ratio is maintained in the population at around 1 : 1--the equilibrium ratio, or evolutionarily stable strategy.
The human offspring sex ratio is around 1 : 1 and is understood primarily in terms of Fisher's principle [3] . Fisher's principle does not necessarily predict an even offspring sex ratio, but it will do so if parental investment after birth is equal for the average female and male. Sex determination in humans depends on whether an offspring inherits an X or Y chromosome from the father, so an even sex ratio would also be predicted by random Mendelian segregation of sex chromosomes, in the absence of a Fisherian or other adaptive process [4] .
An assumption of Fisher's principle is that offspring sex ratio is heritable (i.e. its between-individual variation is influenced by genetic variation), because heritability is necessary for Fisher's principle to operate [1, 5] : without heritable variation, the offspring sex ratio cannot respond to selection. Indeed, beyond Fisher's principle, much of the theory pertaining to human offspring sex ratio, including variations of the Trivers-Willard hypothesis [6] [7] [8] [9] [10] [11] , also predicts heritable variation--a point we return to in the discussion.
For such a clear, falsifiable assumption that is central to much of the theory on which the field is based, the heritability of offspring sex ratio in humans remains remarkably uncertain. In Science in 1951, Bernstein [12] wrote that researchers had 'shown conclusively that the tendency in a family to produce offspring of one sex only or primarily one sex is hereditary', but subsequent reviews and major studies did not reach such definitive conclusions (e.g. [13, 14] ). In 2001 alone, one study involving genotyped families found that human offspring sex ratio was significantly influenced by paternal genetic factors [15] , while another involving twins concluded that it was not heritable at all [16] . In a still more recent study, a genealogical database compiled by amateur and professional family tree researchers was used to test parent-offspring correlations in offspring sex ratio and estimated a significant heritability (0.057 ± 0.002) in males, which the author proposed to be caused by a yet-to-be-identified polymorphic autosomal gene [17] .
A limitation of all of these studies, and a potential cause of the inconsistency in their findings, is insufficient statistical power due to sample sizes used. Though the overall samples in the studies were sometimes large (e.g. 556 387 individuals in [17] ), the samples directly used for testing for heritability were always relatively modest is size (e.g. 1224 parentoffspring pairs in [17] ). The studies consistently indicate that any heritability in human offspring sex ratio must be fairly small, so larger samples with sufficient power for very precise estimates are required to reliably establish its presence or absence.
To address this persistent uncertainty regarding the heritability of offspring sex ratio in humans, we conducted a familial aggregation analysis of offspring sex, using data from the entire Swedish-born population born 1932 or later. The sample included 3 543 243 Swedish individuals and their 4 753 269 children. Specifically, to investigate whether offspring sex ratio has genetic variation, we tested the association between individuals' offspring's sex and their siblings' offspring's sex (n pairs = 14 015 421). We also estimated heritability and its upper bound. The data used in this study are of a much larger scale than previous research, yielding essentially 100% power to detect a heritability of 0.057, as estimated by Gellatly [17] , or even an order of magnitude smaller than that. Further, the data are essentially complete and unbiased, being based on prospectively collected government registry records [18] [19] [20] .
Methods

(a) Study population
Using the unique personal identification number given to each Swedish citizen at birth or immigration [19] , we linked two administrative population registers in Sweden: the Total Population Register (TPR); [18] and the Multi-Generation Register (MGR), as of 31 December 2013 [20] . Details on each register will be provided below. We included all Swedes born in 1932 or later who had identified biological parents, had at least one biological child born before 2014, and were not born from a multiple birth. In this sample, we identified all parental siblings (index generation) and all pairs of their offspring, i.e. cousins (in total, 14 015 421 pairs). In total, 3 543 243 individuals were identified. We then identified all their offspring, yielding 4 753 269 individuals. Offspring from multiple births (n = 107 006) were excluded from analyses because they might bias our estimates, for example, due the heritability of twinning and issues with statistical dependence within pairs.
The TPR was established in 1967, but covers individuals alive in Sweden in 1947 and later (gathered from previous registers; [19] ); the coverage is essentially complete [18] . The MGR includes all registered parents of individuals born 1932 and onwards, who were alive in 1961 and later [20] . The proportion of known parents of individuals is high and has increased over time to 100% for mothers and 98% for fathers, born 1961 and later [20] .
(b) Study variables
The analysed variable was sex, as registered in the TPR. Since 1972 sex may be changed in the register, but this is very uncommon [19] . From 1973, all pregnancies with delivery in week 28 or later, regardless of whether it was a stillbirth or not, were registered, and a sex was assigned. In July 2008, this threshold was moved to week 22 of the pregnancy [21] . Prior to 1973, information about the occurrence and sex of stillbirths was not documented as accurately.
(c) Statistical analyses
We performed analyses of familial aggregation of offspring sex using logistic regression within a generalized estimating equation framework (with cluster-robust standard errors to account for familial relatedness [22] [23] [24] [25] ). The independent variable was the sex of an individual's offspring and the dependent variable was the sex of the individual's sibling's offspring (sex was coded 0 for male and 1 for female). Results are presented as odds ratios (OR) with 95% confidence intervals (CIs), i.e. the odds of siblings' offspring being of the same sex as opposed to opposite sex (with an OR above 1 indicating a higher likelihood the offspring are of the same sex and an OR below 1 indicating a higher likelihood the offspring are of the opposite sex). We analysed all possible pairs of offspring for all full sibling parents (i.e. all pairs of cousins); individuals can therefore appear more than once in the analyses, but the cluster-robust estimator appropriately accounted for dependencies between pairs in calculating the standard errors and CIs. We also ran analyses separately for offspring of all full sisters, all full brothers, all maternal half-siblings and all paternal half-siblings. To avoid potential effects of parents stopping their childbearing depending on the sex composition of their royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192849 offspring, we also performed the analyses on first-born offspring only (as compared to all offspring).
To assess the upper limit of the heritability of offspring sex ratio, we estimated tetrachoric correlations (used to measure agreement of binary data) of offspring sex among all full siblings. Since full siblings on average share 50% of their co-segregating alleles, the upper bound of the (narrow sense) heritability can be computed as twice the tetrachoric correlation between full siblings. Thus, we calculated the 95% CIs for the tetrachoric correlations and identified the upper 95% CI of the heritability as two times the upper 95% CI of the tetrachoric correlation. For this analysis, the CIs were calculated using a non-parametric bootstrap approach with 2000 resamplings. We performed this analysis on all pairs of offspring as well as on only first-born offspring.
One way associations in offspring sex ratio could arise is if parents tended to stop their reproduction once a desired sex composition of offspring had been reached. To address whether deviations from randomness in sex of offspring were present, we performed two additional analyses within-nuclear families (i.e. offspring of index parents). First, we analysed the association between the sexes of offspring in families conditioned on final family size; we determined the association between offspring's sex separately for families of different sizes (with 2 to 10 children). That is, we identified all families of a specific final attained family size, such as all families with three offspring. Similar to our main analyses on parental siblings, where all pairs of offspring to parental siblings were identified, in this sub-population, we identified all pairs of offspring siblings within each family; in the case of final family size of three the pairs were 1&2, 1&3 and 2&3. We analysed the data similarly as for parental sibling pairs, using logistic regression with each offspring acting as exposure and outcome separately in each pair, while accounting for dependency between rows using cluster-robust standard errors.
Second, we performed an analysis per birth order, regardless of final family size. In this latter analysis, the sex of the nth child was predicted based on the sex of each of the older siblings (e.g. we predicted the sex of the third-born child based on the sex of the first-and second-born child). In contrast with the previous analysis, this analysis is not affected by potential bias from a tendency to stop having children after desired sex composition is attained. Together, these two analyses tested potential reproductive stopping effects which could produce biased heritability estimates.
To assess potential issues with sub-optimal coverage of registries, which varied over time (with increasing quality), we re-analysed the association of offspring sex between siblings using data on parental full siblings in nine different (overlapping) birth cohorts--those with earliest year of birth of parents limited to 1932, 1947 or 1961, and latest year of birth limited to 1973, 1985 or 2000.
To test whether the exclusion of multiple births (twins, triplets, etc.) affected the results, we re-performed the familial aggregation analyses including multiple births in full siblings, female full siblings, male full siblings, and maternal-and paternal half-siblings. This re-analysis was done both using all offspring and using only first-born offspring.
To ensure our estimates of heritability were robust with respect to different modelling approaches, we compared our results using sibling regressions (as above) to estimates from the 'animal model' [26, 27] , which incorporates pedigree information and hence models all known relationships in our data. We used families with index generation individuals born between 1932 and 1973 to ensure good coverage through their reproductive age (the youngest were 40 by the end of follow-up), excluded twin births, and ran the model using identity link. In total 3 869 556 offspring sex outcomes were included (83.3% of the total 4 646 263, excluding the twin births), total number of founders was 2 181 396 (males plus females), and 1 443 205 mothers and 1 434 946 fathers were identified to 2 651 143 individuals who had at least one offspring. The maximum depth of pedigrees was four generations (where the youngest generation was included only as outcome measure). We ran sensitivity checks with the index generation individuals born between 1932 and 1973: (i) using a probit link function-to model the heritability on the liability scale [28] ; (ii) using a logit link function; (iii) using only females in index generation and an identity link function; and (iv) using only males in index generation and an identity link function.
Analyses were performed in the statistical software R [29] , using the packages drgee [30] , polycor [31] and pedigreemm. Table 1 and figure 1 show descriptive information about the parents and offspring in our sample. The sample included more mothers than fathers (ratio = 51.9 : 48.1) and more male than female offspring (ratio = 51.4 : 48.6) (both p < 0.001 by exact binomial test). The mean number of offspring was 2.189 (2.185 in females, and 2.193 in males); the range was 1 to 17 offspring in both males and females, although less than 0.02% had 10 or more offspring (distribution up to five offspring displayed in table 1). Table 2 presents the results of the main analyses, i.e. the OR representing the odds of an individual's offspring's sex being the same as their sibling's offspring's sex, divided by the odds of an individual's offspring's sex being different from their sibling's offspring's sex. Thus, ORs above 1 indicates higher likelihood of same sex, and ORs below 1 higher likelihood of opposite sex. Results are also shown separately for full sisters, full brothers, as well as maternal half-siblings, and paternal half-siblings.
Results
None of the odds ratios were statistically significantly different from 1, indicating that there were no significant associations between an individual's offspring's sex and the sex of their sibling's offspring. Results were similar when only looking at the first-born offspring; all ORs were nonsignificant and close to 1. Because of the enormous sample sizes, the estimates are extremely precise with very narrow CIs. For example, for the whole sample of full sibling pairs, we found an OR of 1.001 with 95% CIs of 0.998, 1.003.
The observed tetrachoric correlation between full siblings was 0.00029 (95% CI: −0.00038, 0.00098) and for first-born offspring −0.00120 (95% CI: −0.00284, 0.00027). Thus, the estimate was not significantly different from zero and the upper 95% confidence bound of the heritability (twice the upper CI of the sibling correlation [32] ) was 0.0020 (or 0.0005 for firstborn offspring). Using the animal model, with an identity link function, similarly yielded a null heritability estimate (0.0004; 95% CI: 0.0000-0.0010). The same analysis using a probit link function yielded a heritability estimate of 0.0005, and with logit link function an estimate of 0.0004 (we could not obtain CIs for these analyses). For women, the estimated heritability, using an identity link function, was 0.0005 (95% CI: 0.0000-0.0015) and for men, 0.0004 (95% CI: 0.0000-0.0014). Table 3 shows the results of the within-family analyses. In the left part is the association between the sexes of the offspring within families of certain size (for families with 2 to 10 children). In families with a final number of two children, the offspring were more likely to be opposite sex than expected by chance (OR = 0.854; 95% CI: 0.847, 0.860). For royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192849 families with 3 to 7 children, there was a significant effect ( p < 0.001) in the opposite direction, with a higher likelihood of an excess of same-sex offspring (OR estimates range between 1.049 and 1.077). However, when predicting the sex of the nth child based on the sex of the older siblings but irrespective of final family size, the associations were statistically non-significant ( is expected by chance, with two-child families having children of opposite sex more often than expected. However, removing the conditioning of final family size (i.e. not restricting the birth-order-specific analyses depending on final family size, but including all offspring available, regardless of whether the parents had more offspring in the future) made associations null, indicating that the associations were driven by parents selectively stopping reproduction, rather than by biological differences in sex determination of offspring related to parity. We also split the sample into different birth cohorts; we did not find any significant association between the sex of individuals' offspring and sex of their siblings' offspring, either when considering all pairs of offspring or when only considering first-born offspring (table 4) . Finally, when including multiple births the results were essentially unchanged (results not shown).
Discussion
In a sample comprising 4 753 269 offspring of 3 543 243 Swedes, we detected no significant genetic influence on offspring sex ratio. In fact, our heritability estimate was zero, with an upper 95% CI of 0.0020 (i.e. two-tenths of one per cent), rendering Fisher's principle untenable as a framework for understanding human offspring sex ratio.
Our results also rule out the possibility that offspring sex ratios are adaptively calibrated to individuals' heritable traits. Certain interpretations of the Trivers-Willard effect [6] propose that parents who possess any heritable trait that disproportionately benefits the fitness of one sex will bias their offspring sex ratio towards that sex [8] . A number of studies have reported evidence of such effects--e.g. male-biased offspring sex ratio in bigger, taller [8] , wealthier [11] , higher status [7] and less sociosexually restricted [10] parents, and a female-biased offspring sex ratio in more physically attractive parents [9] . Several of these findings, though, have been questioned on statistical grounds [33] [34] [35] , and other studies have not supported the hypothesis (including very large birth cohort studies, e.g. [8, 36, 37] ). Our findings are incompatible with the basic effect: if offspring sex ratio was calibrated to heritable traits, then it would necessarily be heritable to some degree as well.
According to the same principle, our results also rule out a hypothesis [38, 39] that offspring sex ratio in humans (and in other mammals) is influenced by steroid hormone levels in parents at the time of conception. As James [40] notes, if the hypothesis was true, then offspring sex ratio would be heritable to some degree because steroid hormone levels are themselves heritable [41, 42] . Therefore, given our finding of zero heritability, the hormone-level hypothesis is untenable.
Another proposal is that the environment experienced by mothers during early life may affect their subsequent offspring sex ratio [43] . Because the vast majority of siblings in our study would have grown up together and thus shared many aspects of their early environment, the lack of any sibling similarity in offspring sex ratio further limits the possibility of adaptive variation in relation to these shared environmental factors. Moreover, any environmental effect--or any factor that is at all stable--should cause correlation within-individuals regarding the sex of different offspring (e.g. a woman whose first child is a boy is more likely to have subsequent boys compared to girls); we did royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192849 not see any such auto-correlation in offspring sex, indicating that there are no stable factors of persons or their environments that influence their offspring sex ratio.
If human offspring sex ratio is not heritable and/or under adaptive control in calibration to heritable or environmental factors, what causes its variance between individuals? One possible explanation is that some parents stop their reproduction dependent on sex composition attained in the family. This behaviour would produce deviations from expected distributions of sexes in families, but the sex determination at conception could still be entirely random. We have indirect evidence on this question: conditioning on final family size produced statistically significant association between sexes within a family. However, when not conditioning on the final family size, but predicting the sex of the nth child based on the sex of their older siblings regardless of final family size, the associations were statistically non-significant. In sum, all of our results are consistent with the simple explanation that variation in offspring sex ratio in humans is due to unbiased Mendelian segregation of sex chromosomes during spermatogenesis and unbiased fertilization. The slight excess of male births is likely to be due to a general difference in survival of male and female embryos in the womb, the reasons for which are not yet understood [4] . Table 2 . Association between sex of an individual's offspring and sex of their sibling's offspring. Odds ratios above 1 indicate a higher likelihood of siblings' offspring having the same sex, odds ratios below 1 a higher likelihood of opposite sex. Note: Analyses performed with generalized estimating equations with logit link and standard errors clustered on parental sibling clusters. Offspring from multiple births (twins, triplets and higher) have been excluded from analyses. a Because nuclear families were considered as a unit, each pair could only contribute to one family. However, individuals can be part of more than one pair as each offspring may be part of cousin pairs both on her/his mother's and father's side and because each offspring can be part of multiple pairs on mother's and/or father's side. Therefore, the numbers of pairs here do not match numbers of offspring presented in table 1. .651 a Because nuclear families were considered as a unit, each pair could only contribute to one family. However, individuals can be part of more than one pair as each first-born offspring may be part of cousin pairs both on her/his mother's and father's side and because each first-born offspring can be part of multiple pairs on mother's and/or father's side. Therefore, the numbers of pairs here do not match numbers of offspring presented in table 1. b OR of the sex of the nth child based on the sex of each older sibling; e.g. for the fourth-born child, the dependent variable is the sex of child 4, and independent variable is from siblings born first, second and third.
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192849 This is by far the largest study of the heritability of offspring sex ratio in humans, but to our knowledge it is also the largest such study in any animal. Our findings do not preclude heritable offspring sex ratio in other species with similar sex determination systems, but there is little compelling evidence for such genetic variation (e.g. [44, 45] ). Moreover, if offspring sex ratio in other such species were heritable, it would raise perplexing questions as to how heritability could have been lost in the human lineage. Under Fisher's principle, offspring sex ratio is subject to negligible selection when the population is near equilibrium [1, 5] , which it normally is; even in the hypothetical case of large variance in local sex ratios, selection favours equal investment (e.g. alternating male and female offspring) [46] , not random Mendelian sex determination, where uneven investment is likely for individual parents. How and why would such weak selection have eliminated all genetic variation in offspring sex ratio while substantial genetic variation has been maintained in virtually every other human variable that has been studied [47] , including fitness itself [48] ?
Although the study has a large and largely unbiased sample, it is not perfect, and there are some limitations to consider. First, the register's coverage on parental identity, while very good, is not 100% ( particularly for fathers), which could introduce slight bias towards the null. Non-paternity (i.e. the assumed biological father is not the biological father) is rare (approx. 1-2%) in human populations [49, 50] , so this could not explain a zero heritability estimate. Further, sensitivity analysis with birth years restricted to the highest quality data also showed the null association. Another consideration is that, although stillbirths are registered, we do not know the sex of spontaneous or selectively aborted fetuses early in pregnancy. But we have no reason to believe that the spontaneous abortions would bias the observed association to precisely null. Last, our approach did not include estimation of non-additive genetic, common environmental or parental effects. Not accounting for these factors could lead to an overestimation of the heritability of sex ratio, but given that we found near-zero heritability, this limitation cannot have meaningfully biased our results.
In conclusion, we found in a large and well-characterized sample that there is no heritable, familial or stable betweenindividual variance in human offspring sex ratio, ruling out various theories on which much of the scientific understanding of the trait had been based. Our findings suggest a rethink of sex ratio theory is necessary, at least as it applies to humans.
Ethics. The study was approved by the Regional Ethics Review Board in Stockholm (Dnr 2013/862-31/5). Informed consent was not required since it was a registry study, so no individual was contacted. Table 4 . Association between sex of an individual's offspring and sex of their sibling's offspring, restricted by birth year of parents. Odds ratios above 1 indicate a higher likelihood of siblings' offspring having the same sex, odds ratios below 1 a higher likelihood of opposite sex. Note: Analyses performed with generalized estimating equations with logit link and standard errors clustered on parental sibling clusters. 
